A kinetic study of lead adsorption to composite biopolymer adsorbents was carried out. Spherical and membranous adsorbents containing two kinds of biopolymers, humic acid and alginic acid, were used for lead adsorption in dilute acidic solutions. The shrinking core model derived by Rao and Gupta was applied to describe the rate process of lead adsorption to spherical adsorbents (average radii of 0.12, 0.15, and 0.16 cm). Furthermore, the shrinking core model was modified and adapted for the description of the rate process of lead adsorption to membranous adsorbent (an average thickness of 0.0216 cm). The adsorption rate process for the both cases was well-described and the average apparent lead diffusion coefficients of about 6 × 10 -6 and 7 × 10 -6 cm 2 ·s -1 were found for the spherical and membranous adsorbents, respectively.
INTRODUCTION
The adsorptive separation of heavy metal ions from aqueous environments is an emerging field of interest from both a resource conservation standpoint and an environmental remediation standpoint. Many biopolymers, such as cellulosics, carrageenans, lignins, proteins, chitin derivatives, alginates, and humic substances, are known to bind heavy metal ions strongly (1) (2) (3) (4) (5) (6) (7) (8) . The use of biopolymers as adsorbents for the recovery of valuable metals or the removal of toxic metal contaminants has been a topic of intense research in recent years (1, (3) (4) (5) (6) (7) (8) (9) (10) (11) . Biopolymers are capable of lowering heavy metal ion concentrations to part per billion concentrations (2) . Moreover they are widely available and are ecologically acceptable.
We previously developed a composite biopolymer adsorbent which comprised two kinds of biopolymers, that is, humic acid and alginic acid (6, 8) .
Both of them are widely and abundantly available biopolymers, and have high complexing ability with various heavy metal ions (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . In our previous studies, the adsorption mechanism of divalent heavy metal ions to the composite biopolymer adsorbent and the effect of immobilization on the metal complexation ability of the biopolymers were elucidated (6, 8) .
The aim of this paper is to report the adsorption kinetics of lead ions to composite biopolymer adsorbents. For this purpose, spherical adsorbents which had average radii of 0.12, 0.15, and 0.16 cm, and a membranous adsorbent which had an average thickness of 0.0216 cm were prepared. Based on the shrinking core model (1, (9) (10) (11) (12) , the rate process of lead adsorption to the composite biopolymer adsorbents will be discussed.
MATERIALS

Chemicals
Lead nitrate, sodium nitrate and sodium alginate (AA) were obtained from Wako Pure Chemical Industries (Japan) and sodium salt of humic acid (HA) from Aldrich Chemical Co. They were used as received. Activated carbon powder (ACP) was purchased from Wako Pure Chemical Industries. It was screened by a 100-mesh (0.149-mm) sieve, and the undersize fraction was used. 
EXPERIMENTAL METHODS
Adsorption Experiment
A total of 900 cm 3 of NaNO 3 (0.1 mol·dm -3 ) solution containing a certain amount of HA-gel or HA-M was prepared. The pH of the solution was adjusted to the desired value by HNO 3 . After reaching thermal equilibrium at 30℃, a 100 cm 3 of Pb(NO 3 ) 2 solution containing NaNO 3 (0.1 mol·dm -3 ) was added to the solution and mechanically stirred. Aliquots (3 cm 3 ) of the solution were collected, periodically, for the determination of residual lead concentration.
The lead concentration in liquid phase was determined by an atomic absorption spectrophotometer (Hitachi A-1800). The shrinking core model, which had been applied to find the apparent diffusivity of metal ions in ion exchange resins (9), calcium alginate beads (1, 10, 11), and a biosorbent (12) , was applied to the rate process of lead adsorption to HA-gel particles. The model is based on the following assumptions: the adsorption rate process is controlled by the diffusion of adsorbate ions through the reacted shell in the adsorbent particles (particle diffusion control), and the shrinkage of unreacted shell is much slower than the mass transfer rate of adsorbate ions towards the unreacted shell surface.
RESULTS AND DISCUSSION
Adsorption Kinetics of Lead Ions to HA-gel
The shrinking core model is described by the following equation (9): apparent diffusivity of lead ions in HA-gel was estimated from Eq. [3] , that is, from the plot of r 2 vs 6/AX using the slopes of the regression lines in Figs. 3 and 4. The result is shown in Fig. 5 , and the plot gives a straight line which passes through the origin. The apparent diffusivity of lead ions was determined from the slope of the regression line as 5.85×10 -6 cm 2 ·s -1 . This value is slightly lower than the ionic diffusivity of lead in aqueous medium at infinite dilution, 9.3×10 -6 cm 2 ·s -1 (9) , and is in fair agreement with the apparent lead diffusivity in Chelex 100 resin determined by Rao and Gupta (9), 3 -6×10 -6 cm 2 ·s -1 . Figure 6 shows the time dependence of lead adsorption to HA-M in different experimental conditions. The adsorption process of lead ions to HA-M is much faster than that of HA-gels. The shrinking core model was modified to describe the rate process of lead adsorption to HA-M. The area of unreacted shell surface in spherical adsorbents changes or shrinks with the extent of the adsorption process, while the area of unreacted layer surface in thin membranous adsorbents is kept constant through the adsorption process. In addition, the lead ions can diffuse into the membranous adsorbent from two sides of the flat slab. In the case of membranous adsorbents, therefore, the shrinking core model can be modified or simplified to the following expression:
Adsorption Kinetics of Lead ions to HA-M
Eq. [4] was applied to the kinetic experimental data in Fig. 6 . The results are shown in Fig. 7 . A good fit was found in all experimental trials.
The apparent diffusivity of lead ions in HA-M was estimated from the slopes of the regression lines in Fig. 7 . The calculated apparent diffusivities are listed in Table 1 . In this calculation, the thickness of HA-M determined from 
FIG. 3.
Fitting of the data of Fig. 1 to the shrinking core model described by Eq. [2] .
FIG. 4.
Fitting of the data of Fig. 2 to the shrinking core model described by 
FIG. 7.
Fitting of the data of Fig. 6 to Eq. [4] . 7.97×10 -6 6.94×10 -6 7.23×10 -6 Table 1 . Apparent diffusivity of lead ions in HA-M.
